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INTRODUCTION 14
The habenula is an epithalamic structure divided into medial (MHb) and lateral 15 (LHb) subregions that receives diverse input from the basal ganglia, frontal cortex, basal 16 forebrain, hypothalamus and other regions involved in processing both sensory 17 information and internal state (Herkenham and Nauta, 1977; Yetnikoff et al., 2015) . 18
Two main targets of the LHb output are major monoaminergic structures in the brain, 19 the ventral tegmental area (VTA) and raphe nuclei (dorsal (DRN) and medial (MRN)), 20
whereas the MHb targets the interpeduncular nucleus (Herkenham and Nauta, 1979) . 21
Due to its dual effects on dopamine and serotonin producing neurons, LHb has been 22
proposed to contribute to the neurobiological underpinnings of depression and addiction 23 (Li et al., 2011 (Li et al., , 2013 Maroteaux and Mameli, 2012; Meye et al., 2016) . Furthermore, 24
the LHb has been implicated in a wide range of functions and behaviors including 25 reward prediction error, aversion, cognition, and adaptive decision making (Hikosaka, 26 2010; Matsumoto and Hikosaka, 2007; Mizumori and Baker, 2017; Proulx et al., 2014; 27 Tian and Uchida, 2015; Wang et al., 2017) . 28
The effects of LHb on each downstream structure and its contribution to different 29 behaviors are likely carried out by distinct populations of neurons. In addition, the LHb neurons expressed high levels of Slc17a6 and Slc17a7, the genes encoding vesicular 94 glutamate transporters 1 and 2, and Tac2 suggesting that all MHb neurons are 95 glutamatergic and produce the neuropeptide Neurokinin B (Figure 2D, S4A) . Two of the 96 five clusters also expressed Slc18a3 and Chat (not shown), the vesicular transporter 97 and biosynthetic enzyme for acetylcholine, respectively, indicating that these neurons 98 may co-release glutamate and acetylcholine ( Figure S4A ), as has been described in 99 several studies (Ren et al., 2011; Soria-Gómez et al., 2015) . Interestingly, no MHb 100 neurons expressed significant levels of the canonical GABA handling genes Slc32a1, 101
Gad1, or Slc18a2 (although Gad2 was expressed at low levels in all subtypes); 102 therefore, they are unlikely to release GABA. 103
To examine the spatial distribution of MHb neuron subtypes we cross referenced 104 their differentially expressed genes (DEGs) with the Allen Mouse Brain Atlas of ISH 105 hybridization data (Table 3) (Lein et al., 2007) . Generally, we found that individual 106
DEGs for particular MHb subtypes consistently mapped onto discrete regions in the 107 MHb ( Figure 2C, S3 ). Also, DEGs for MHb neurons were rarely DEGs for LHb neurons 108 ( Figure S4A ). This permitted classification of transcriptionally defined MHb subtypes to 109 particular subregions of MHb ( Figure 2D, S7 ). MHb neurons divided along the 110 dorsal/ventral axis with a third lateral (enriched for genes Sema3d, Calb1, and Spon1) 111 subtype ( Figure 2C -D, S3C-E). Ventral groups could be further subdivided into two 112 distinct subtypes, the "ventral two thirds" of the MHb (enriched for Lmo3) and the 113 "ventrolateral" MHb (enriched for genes Esam and Slc18a3). Gene expression patterns 114 indicated that it is possible that neurons from these two subtypes were partially 115 intermingled and did not form a defined border ( Figure 2C, S3A-B ). The rest of the MHb 116 could be subdivided into the "dorsal" (enriched for genes Col16a1, Wif1, and Adcyap1) 117 and "superior" (enriched for genes Cck and Avil) subtypes. These two groups split along 118 a medial/lateral axis with the "dorsal" being more laterally located than the "superior" 119 ( Figure 2C -D, S3F-I) (Wagner et al., 2016 (Wagner et al., , 2014 . 120 neighboring MHb ( Figure 3A-B, S4A ). Unlike for MHb neurons, we did not detect 125 significant elevation of ADGs in LHb neurons. We found 4 distinct clusters of neurons in 126
LHb which, again unlike MHb, did not have distinct expression profiles of genes 127 involved in the synthesis and packaging of different typical fast neurotransmitters (e.g. 128 glutamate, GABA, acetylcholine)all LHb neurons expressed high levels of Slc17a6 129 and very low levels of Slc32a1, suggesting that they are glutamatergic. 130
Subdivisions of the lateral habenula based on topographic, morphological and 131 cytochemical criteria have been described in rat (Andres et al., 1999) and mouse 132 (Wagner et al., 2016 (Wagner et al., , 2014 and are used here to describe the patterns of DEGs 133 extracted from our single-cell dataset (see terms in quotes below). We examined the 134 spatial distribution of LHb neuron subtypes by cross referencing their differentially 135 expressed genes (DEGs) with the Allen Mouse Brain Atlas of ISH data (Lein et al., 136 2007) . We found that DEGs showed 4 distinct, but consistent patterns that aligned with 137 their subclusters ( Figure 3C -D, S8). These consisted of 1) a cluster that showed high 138 expression of DEGs in both the "lateral oval" and "central medial" subdivision, we 139 named this the oval/medial subdivision; 2) a cluster that showed high expression of 140 DEGs in the "marginal subdivision of the medial division of the LHb", we called this the 141 marginal subdivision; 3) a cluster that showed high expression of DEGs in the "lateral" 142 subdivision (but avoiding expression in the "lateral oval"), we also called this the lateral 143 subdivision; and 4) a cluster that showed high expression of DEGs in the subdivision 144 defined as "HbX" lying on the dorsal border between MHb and LHb, we also refer to this 145 as the HbX subdivision ( Figure 3C ) (Wagner et al., 2016 (Wagner et al., , 2014 . Interestingly, the HbX 146 region is more closely related in its gene expression to other LHb clusters than to any 147 clusters in the MHb; therefore it is more similar to LHb neurons than previously 148 recognized ( Figure 3D ) (Wagner et al., 2016) . 149
We performed multiplexed FISH to confirm that the 4 transcriptionally-defined 150 clusters of LHb neurons were distinct and anatomically organized within the LHb. We 151 chose 4 highly expressed DEGs (Chrm3, Vgf, Gpr151, and Sst) and examined gene 152 expression levels in individual neurons ( Figure 4 ). As predicted by the single cell 153 sequencing, the chosen genes generally expressed in different cells, confirming that 154 they defined molecularly distinct neuronal subtypes ( Figure 4 ). An exception to this general rule, but consistent with the predictions of single cell sequencing, individual 156 neurons in the HbX expressed both Sst and Gpr151 ( Figure 4D ). Additionally, when 157 strongly expressed, Chrm3 and Vgf were found in different cells, but they were 158 occasionally co-expressed in neurons that had relatively low levels of both genes 159 ( Figure 4A) . 160
The chosen genes are largely expressed in non-overlapping patterns at the 161 macroscopic level, confirming the organization of LHb into molecularly-defined 162 subregions (Figure 4 , S7). Nevertheless, cells from a subtype did intermingle with cells 163 of another group and sharply defined borders between LHb subregions were not 164 observed (e.g. Figure 4C ). Therefore, diagrams of gene expression ( Figure 4 ) illustrate 165
where gene expression is greatest or where cells expressing the gene are most 166 numerous and not that gene expression is perfectly restricted to a particular subregion. The LHb projects via the fasciculus retroflexus to the ventral tegmental area (VTA), 171 rostromedial tegmental area (RMTg), and median/dorsal raphe (Herkenham and Nauta, 172 1977 (Wickersham et al., 2007) . To examine LHb input to VTA GABAergic 180 neurons we injected Cre-dependent TVA-mCherry into the VTA of a VGAT-IRES-Cre 181 mouse to restrict initial rabies virus infection to GABAergic neurons. We also coinjected 182 a Cre-dependent AAV encoding the rabies glycoprotein (RVG) to allow for retrograde 183 monosynaptic transfer of G-deleted, pseudotyped, rabies virus (EnvA-RbV-GFP). As 184 only neurons with Cre will express RVG, GFP-labeled neurons in other regions are specificity of EnvA-RbV-GFP infection). FISH in the VTA revealed that ~30% of "starter 187 cells" (neurons that were GFP+ and Cre+), coexpressed Slc17a6 indicating they are 188 likely GABA/glutamate coreleasing neurons ( Figure S6C ) (Root et al., 2014) . The 189 majority of the remaining 70% of "starter cells" are purely GABAergic ( Figure S6C were more similar to those to VTA dopamine neurons than those to VTA GABA neurons 228 (Table 6) . 229
230

DISCUSSION 231
We performed transcriptional and anatomical analyses of the habenula, a crucial circuit 232 node that modifies brain-wide dopamine and serotonin levels through its connections to 233 into subtypes based on differential gene expression. Furthermore, the spatial 248 distribution of these transcripts allowed us to ascribe an anatomical location to each 249 subtype. The anatomical location of these subtypes largely agree with previously 250 defined MHb subnuclei and we have used the same nomenclature when possible 251 ( Figure S7 ) (Wagner et al., 2016) . 252
The two ventral subtypes of the MHb coexpressed transcripts for glutamate and 253
ACh neurotransmission ( Figure S4 ). Our data suggest these two ventral subtypes can 254 be differentially targeted with intersectional approaches, as genes such as Lmo3 and 255
Esam are preferentially expressed in one subtype ( Figure 2D These neurons were known to express high levels of Tac1 (the gene that produces the 272 neuropeptide substance P), consistent with our single-cell sequencing data ( Figure S3J , 273 
LHb neuronal subtypes 278
We referenced recent studies on LHb subnuclei to create a map ( Figure S7 ) of LHb 279 based on DEGs extracted from single-cell transcriptional profiling (Wagner et al., 2016 (Wagner et al., , 280 2014 . Overall, our map largely agrees with previous work and adds many key 281 observations into the organization and cellular and molecular diversity of the LHb. In 282 addition to providing multiple genetic handles that can be used in future studies to target 283
LHb neuron subtypes, our study reveals the a wide range of GPCRs (such as Htr2c, 284
Htr5b, Sstr2, Gpr151; see Table 4 ) expressed in LHb neurons that could be targeted for Although Gad2 and Slc6a1, which encode a GABA synthetic enzyme and GABA 289 transporter, respectively, were present at low levels in all LHb clusters we did not find 290 expression of Slc32a1 or Slc18a2, which are required for vesicular loading of GABA 291 (Table 4 ). This is in agreement with recently published results demonstrating that Gad2 292 Table 4 ). We expect that this subregion also projects heavily to the lateral dorsal 343 (1:1000, Millipore #70664) at 37°C for 30 min, followed by filtration through a 0.22 µm 397 PES filter. The filtered supernatant was transferred to ultracentrifuge tubes (Beckman 398
Coulter #344058) with 2 ml of 20% sucrose in dPBS cushion and ultracentrifugated at 399 20,000 RPM (Beckman Coulter SW 32 Ti rotor) at 4°C for 2 hours. The supernatant was 400 discarded and the pellet was resuspended in dPBS for 6 hours on an orbital shaker at 4 °C before aliquots were prepared and frozen for long-term storage at -80 °C. 402
Unpseudotyped rabies virus titers were estimated based on a serial dilution method 403 counting infected HEK 293T cells, and quantified as infectious units per ml (IU/ml). 404
Pseudotyped rabies virus (SAD B19 strain, EnvA-RbV-GFP, Addgene# 52487) was 405 commercially obtained from the Janelia Viral Tools Facility stored at -80°C, and injected 406 at a concentration of approximately 10 8 IU/ml. 407 408
Stereotaxic Surgeries 409
Adult mice were anesthetized with isoflurane (5%) and placed in a small animal 410 stereotaxic frame (David Kopf Instruments). After exposing the skull under aseptic 411 conditions, viruses were injected through a pulled glass pipette at a rate of 50 nl/min 412 using a UMP3 microsyringe pump (World Precision Instruments). Pipettes were slowly 413 withdrawn (< 100 µm/s) at least 10 min after the end of the infusion. Following wound 414 closure, mice were placed in a cage with a heating pad until their activity was recovered 415 before returning to their home cage. Mice were given pre-and post-operative 
Cell Clustering and Cluster Identification 494
Initial clustering was performed on the dataset using the first 20 PCs, and t-SNE was 495 used only for data visualization. Clustering was run using the SNN-based 496
FindClusters function using the SLM algorithm and 10 iterations. Clustering was 497 performed at varying resolution values, and we chose a final value of 1.2 for the 498 resolution parameter for this stage of clustering. Clusters were assigned preliminary 499 identities based on expression of combinations of known enriched genes for major cell 500 classes and types. The full list of enriched genes is provided in Table 2 and average 501 expression of all genes in all clusters is provided in Table 1 . Low quality cells were 502 identified based on a combination of low gene/UMIFM counts and high levels of 503 mitochondrial and nuclear transcripts (e.g. Malat1, Meg3, Kcnq1ot1) typically clustered 504 together and were removed. Following assignment of preliminary identities, cells were 505 divided into data subsets as separate Seurat objects (LHb neurons and MHb neurons) 506
for further subclustering. The expression matrix for each data subset was further 507 filtered to include only genes expressed by the cells in the subset (minimum cell 508 threshold of 0.5% of cells in the subset). Subclustering was performed iteratively on 509 each data subset to resolve additional cell types and subtypes. Briefly, clustering was 510 run at high resolution, and the resulting clusters were ordered in a cluster dendrogram 511 using the BuildClusterTree function in Seurat which uses cluster averaged PCs for 512 calculating a PC distance matrix. Putative doublets/multiplets were identified based on 513 expression of known enriched genes for different cell types not in the cell subset (e.g. 514 neuronal and glial specific genes). Putative doublets tended to separate from other 515 cells and cluster together, and these clusters were removed from the dataset. Cluster 516 separation was evaluated using the AssessNodes function and inspection of 517 differentially expressed genes at each node. Clusters with poor separation, based 518 differential expression of mostly housekeeping genes, or activity dependent genes (see 519 Figure S2 ) were merged to avoid over-separation of the data. The dendrogram was 520 reconstructed after merging or removal of clusters, and the process of inspecting and 521 merging or removing clusters was repeated until all resulting clusters could be 522 distinguished based on a set of differentially expressed genes that we could validate 523 separately. To calculate the "ADG Score" (Figure S2) we used the AddModuleScore function in Seurat using a list of ADGs that were highly expressed in some of the MHb 525 clusters (Fos, Fosb, Egr1, Junb, Nr4a1, Dusp18, Jun, Jund). 526 527
Differential Expression Tests 528
Tests for differential gene expression were performed using MAST (version 1.10.1) 529 (Finak et al., 2015) through the FindMarkersNode function in Seurat 530 (logfc.threshold = 0.25, min.pct = 0.1). Adjusted P values were corrected 531 using the Bonferroni correction for multiple comparisons (P < 0.05). 532 533
Fluorescence In-Situ Hybridization (FISH) 534
Mice were deeply anesthetized with isoflurane, decapitated, and their brains were 535 quickly removed and frozen in tissue freezing medium on dry ice. Brains were cut on a 536 cryostat (Leica CM 1950) into 30 µm sections, adhered to SuperFrost Plus slides 537 (VWR), and immediately refrozen. Samples were fixed 4% paraformaldehyde and 538 processed according to ACD RNAscope Fluorescent Multiplex Assay manual. Sections 539 were incubated at room temperature for 30 seconds with DAPI, excess liquid was 540 removed, and immediately coverslipped with ProLong antifade reagent (Molecular 541 Probes). Antisense probes for RbV-N, Gpr151, Sst, Chrm3, Vgf, Cre, Slc17a6, 542 Slc32a1, and Slc6a3 were purchased from Advanced Cell Diagonstics (ACD, 543 http://acdbio.com/). Sections were imaged at 1920 X 1440 pixels on a Keyence BZ-544 X710 fluorescence microscope using a 10X, 0.45 NA air Nikon Plan Apo objective. 545
Individual imaging planes were overlaid and quantified for colocalization in ImageJ 546 (NIH) and Matlab (Mathworks). 547 548 Image Analysis 549 FISH images were analyzed for "fluorescence coverage (%)," meaning the proportion of 550 fluorescent pixels to total pixels in a cellular ROI, using a custom macro in Image J and 551 custom scripts in Matlab (Figure 4, S5, and S6) . 5-10 images from at least 3 mice were 552 analyzed for each condition. Cell ROIs were automatically determined based on 553 fluorescence signals in all three channels (or by fluorescence in the RbV-N channel for 554 rabies tracing experiments), and manually adjusted prior to analysis to ensure that all cell ROIs reflected individual cells and not clusters. After background subtraction (the 556 signal outside of cell ROIs) and application of a fluorescence threshold (Renyi Entropy), 557 the amount of fluorescent pixels in each optical channel was counted within the cellular 558 ROI. All images compared underwent identical thresholding and no other manipulations 559 were made. These data were used to generate X-Y plots displaying the percent 560 coverage for each channel per cell (Figure 4, S5, and S6) . clusters that were high in ADG expression were now intermingled with clusters that we 923 defined by the spatial location of their DEGs (See also Figure 2C 
